The MDR1 gene is a key component of the cytotoxic defense network and its overexpression results in the multidrug resistance (MDR) phenotype. However, the molecular mechanisms that regulate the MDR1 gene and coordinate multiple MDR-related genes expression are poorly understood. In a previous study, we identified a new 12 bp cis-activating region in the 5 0 -flanking region of the human MDR1 gene, which we called inverted MED1. In the present study, we characterized the precise binding element, which we named invMED1, and revealed the presence of the LRP130 protein as the nuclear factor. Its binding intensity increases with the endogenous MDR1 gene expression and with the MDR level of CEM leukemia cells. Interestingly, the LRP130 level did not vary with the chemoresistance level. We observed the involvement of LRP130 in the transcriptional activity of the MDR1 gene promoter, and moreover, in that of the MDR-related, invMED1-containing, MVP gene promoter. We used siRNAs and transcriptional decoys in two unrelated human cancer cell lines to show the role of the invMED1/LRP130 couple in both MDR1 and MVP endogenous genes activities. We showed that invMED1 was localized in the À105/À100 and À148/ À143 regions of the MDR1 and MVP gene promoters, respectively. In addition, since the invMED1 sequence is primarily located in the À160/À100 bp region of mammalian MDR-related genes, our results present the invMED1/LRP130 couple as a potential central regulator of the transcription of these genes.
INTRODUCTION
One of the most investigated mechanisms of multidrug resistance (MDR) is drug efflux mediated by carriers with a broad substrate specificity. It results mainly from the overproduction of P-glycoprotein (Pgp), a transmembrane protein that belongs to the ATP-binding cassette (ABC) transporter superfamily. Pgp is encoded by the MDR1 gene in human and by mdr1a and mdr1b genes in rodents. ABC transporters utilize energy from ATP hydrolysis to transport a large variety of substrates including chemotherapeutic drugs across biological membranes. Other ABC transporters such as the multidrug resistance-associated proteins MRP1, MRP2, MRP3, MRP4 and MRP5 (1) (2) (3) (4) (5) , and the breast cancer resistance protein, BCRP (6) , also named MXR (mitoxantrone resistance), may be overproduced alone or in any combination by chemoresistant cells. MDR3, a protein closely related to Pgp, acts as a phosphatidylcholine translocase and may also be involved in drug transport (7) (8) (9) .
Although the lung resistance protein (LRP) is not an ABC transporter, it is involved in the MDR phenotype as the expression of its gene closely reflects the chemoresistance profile of many cancer cell lines and tumors. LRP was found to be identical to the major vault protein (MVP) (10) and makes up >70% of the total mass of the vault complex, a large-sized ribonucleoprotein found mostly in the cytoplasm (11) and in the nucleus (12, 13) . Vaults are present with high levels in tissues chronically exposed to xenobiotics and may mediate multidrug resistance by transporting drugs away from their intracellular targets or by transporting them to exocytic vesicles or efflux pumps (14) . In several clinical studies, but not all, increased MVP expression is associated in general with a higher level of drug resistance analyzed in vitro by flow cytometry (15, 16) . Interestingly, in acute myeloid leukemia, the worst response and/or survival rate to the treatment was observed in patients who co-expressed MVP and Pgp (17) (18) (19) (20) . Moreover, in breast cancer, MVP expression, as well as MDR1 expression, have been correlated to the presence of nodal metastasis (21) .
MDR-related genes share some common features concerning their transcriptional regulation. Human genes examined to date lack a TATA box, while other rodents homologs are TATA-dependent. In human, an initiator element (INR) has been functionally described in the MDR1 promoter and nearconsensus INR sequences are present within the promoters of MRP2 and BCRP genes. Like most other TATA-less genes, MDR-related genes generally possess both CCAAT box and GC-rich elements for their constitutive transcription. Tumor suppressor and oncogene-responsive elements are also present, explaining the high level of expression often observed in drug-naive tumors. For example, MDR1, MRP1 and probably MVP human genes contain a p53 element. In addition, these genes together with MRP2 also contain an AP-1 element.
However, few data have been reported to date on an eventual link between regulatory elements specifically relevant to multidrug resistance and the transcription of MDR-related genes. Those that are available require confirmation, as this is the case for MEF1 (22, 23) and SXR binding elements (24) . The latter seems to be the most interesting at the moment since it is present in human MDR1 and MRP3 genes (and also in the rat MRP2 homolog), and is thought to coordinate the regulation of drug metabolism and efflux, through co-activation of MDR-related and CYP3A4 genes (24) .
In previous studies, we identified a 12 bp region spanning the À108 to À97 bp sequence of the human MDR1 gene and suggested the presence of a transcriptional activator element in this region (25) ; we reported the possible link that could exist between this region, which specifically binds an unknown factor, and the level of chemoresistance (26) . Here, we characterized the cis-element/trans-acting factor couple involved and investigated its relation to the MDR phenotype. We precisely localized the cis-activating element at position À105/ À100, which we named invMED1, and identified the LRP130 protein as a component of the nuclear factor that binds this element. We demonstrated that the invMED1/LRP130 complex formation increased with the chemoresistance level. We searched for the presence of the invMED1 sequence in MDRrelated genes, and localized it in human MDR1 and MVP genes. Moreover, we have shown that an accurate transcriptional activity for both of them depends on the presence of the LRP130 protein. Finally, the presence of the invMED1 sequence in the À160/À100 region of several MDR-related genes in human and rodents suggests that the invMED1/ LRP130 couple could be a possible central regulator of these MDR-related genes.
MATERIALS AND METHODS

Chemicals
Cell culture medium (RPMI-1640), fetal calf serum (FCS), antibiotic and antimycotic solution (containing 10 000 IU/ml penicillin, 10 mg/ml streptomycin and 25 mg/ml amphotericin B), trypsin-ethylene diamine tetraacetic acid (EDTA) and phosphate-buffered saline (PBS) were from Sigma (St Quentin Fallavier, France). Vinblastine, prepared in water under sterile conditions and sterile-filtered, was a gift from Roger Bellon Laboratories (Neuilly sur Seine, France). The synthetic peptide MPG was synthesized and analyzed as previously described (27) and was reported to be non-immunogenic.
Oligodeoxynucleotides
All oligodeoxynucleotides were purchased from SigmaGenosys. Double-stranded oligodeoxynucleotides (ODNs) used in electrophoresis experiments were cyanine-5-labeled. When used for transfection experiments, ODNs were phosphorothioate-modified on the first base at the 5 0 end and on the two last bases at the 3 0 end. In each case, double-stranded ODNs were formed by annealing an equimolar mixture of sense and antisense single-stranded ODNs in 10 mM TrisHCl, pH 8.0, and 1 mM EDTA by heating for 5 min at 70 C, followed by slow cooling at room temperature.
Cell culture and viability
Human lymphoblastic leukemia CEM cell lines were maintained in RPMI-1640 medium (Sigma) supplemented with 10% FCS, antibiotic and antimycotic solution (1 ml per 100 ml medium) to make a complete medium. Cells were grown at 37
Cin ahumidified atmosphere containing 5% CO 2 .Thehighly drug-resistant cell lines, CEM/VLB0.45 and CEM/VLB5, were established by growing the corresponding sensitive parental cell line in medium containing stepwise-increasing concentrations of vinblastine as previously described (28) . Cells thus selected grow in the presence of 0.45 mg/ml vinblastine for CEM/VLB0.45, and 5 mg/ml vinblastine for CEM/ VLB5. Human ciliary body IPC227 and fibrosarcoma HT1080 cell lines were grown at 37 C in a humidified atmosphere containing 5% CO 2 , in MEM medium (Sigma) supplemented with 10% FCS, antibiotic and antimycotic solution. All celllineswereregularlycheckedformycoplasmacontamination with both MycoTect (Gibco-BRL Life Technologies, Cergy Pontoise, France) according to the manufacturer's instructions and by fluorescence staining with Hoechst 33258 (Sigma France). Cell viability was measured by exclusion of Trypan blue (Sigma France).
Plasmid constructions
Reporter constructs. An MDR1 promoter fragment (À197 to +151 with respect to the major +1 transcriptional start site) was amplified by PCR from pSV00CAT/pMDR1h (a generous gift from Dr M. M. Gottesman) using primers designed to create NheI and HindIII restriction sites (TATGCTAGCTAGA-GAGGTGCAAC and TATAAGCTTACCTCGCGCT) and was inserted into the pGL2-Basic reporter vector (Promega) to give the pGL2-hMDR1 construct. In order to delete the 6 bp invMED1 sequence of the promoter, two fragments were amplified by PCR from pSV00CAT/pMDR1h with the following primers: TATGCTAGCTAGAGAGGTGCAAC and GGCCCGGATTGACTGAATG for the first 101 bp fragment and AGTCATCTGTGGTGAGGCTG and TATAAGC-TTACCTCGCGCT for the second 241 bp fragment. The two fragments were restricted with NheI and HindIII, respectively, then ligated via their blunt ends with T4 DNA ligase (Promega France). Finally, both constructs were inserted into pGL2-Basic to give the plasmid pGL2-hMDR1-DinvMED1.
An MVP promoter fragment (À1859 to +23) was isolated from pCR-MVP1.9 (a generous gift from Dr U. Stein) using KpnI and XhoI and inserted into pGL2-Basic to give the plasmid pGL2-MVP1.9. All constructs were verified by sequencing (Genome Express, France).
Vector construction for LRP130 siRNA expression. A pSilencer-LRP130 construct was made with the pSilencer 2.0-U6 plasmid (Ambion) using the following annealed oligonucleotides: GATCCCCTATAAGAGATGTCCTAATTC-AAGAGATTAGGACATCTCTTATAGGTTTTTTGGAAA and AGCTTTTCCAAAAAACCTATAAGAGATGTCCT-AATCTCTTGAATTAGGACATCTCTTATAGGGG. This 
Transfection experiments
Transient cell transfection. All plasmids were purified using the Endofree Plasmid Maxi kit (Qiagen, Courtaboeuf, France) according to the manufacturer's instructions. CEM cells (10 6 /ml) were placed into 1 ml of unsupplemented RPMI-1640 culture medium. A mixture consisting of 1.5 mg of the plasmid of interest, 0.5 mg of pSV-b-Galactosidase and 4 ml of the transfection agent Tfx-20 per microgram of DNA (Promega France) was added dropwise to the cells and incubated for 1 h at 37 C before the addition of 5 ml of supplemented RPMI-1640 medium, according to the manufacturer's instructions. Luciferase and b-galactosidase enzymatic activities were detected after 48 h of incubation at 37 C using the Dual-Light luciferase and b-galactosidase reporter gene assay system kit (Tropix, Bedford, MA, USA) and an MLX Microtiter Plate Luminometer (Dynex Technologies). The pSV-b-Galactosidase vector was used as an internal positive control to monitor transfection efficiency. We used the pGL2-control vector (Promega) as the positive expression control.
HT1080 cells were transfected with either the pSilencer-LRP130 plasmid or the pSilencer-negative control furnished by the manufacturer. A mixture of 2 mg of plasmid and 6 ml of Lipofectamine-2000 was added dropwise to 10 6 cells and incubated for 4 h before the change of the medium by supplemented MEM medium, according to the manufacturer's instructions.
ODN transfer into target cells. Highly chemoresistant CEM/ VLB5 cells (3 · 10 6 cells) that had been cultured for at least 1 week in the absence of vinblastine were washed twice in PBS buffer and transfected by the Nucleofector TM technology (Amaxa Biosystems) in the presence of 3 mg of phosphorothioate-modified double-stranded ODNs. We used Cell Line Kit R and protocol T-20 for transfection. Cells were then incubated for 3 days in complete culture medium before total RNA purification and RT-PCR experiments.
For ODN transfer in the weakly chemoresistant IPC227 cell line, 0.7 · 10 6 cells were washed twice in PBS buffer and incubated for 3 h in the presence of 25 mM of a combination of MPG (27) and phosphorothioate-modified double-stranded ODNs in a 25:1 molar ratio. Cells were then incubated for 3 days in supplemented medium.
Total RNA extraction and cDNA amplification Total RNA was prepared from cultured cell lines using the RNeasy starter kit (Qiagen) and cDNA was synthesized from 1 mg of total RNA. Reverse transcription was carried out by the use of M-MLV Reverse Transcriptase, Point Mutant and oligo(dT) 15 primers (Promega France), according to the manufacturer's instructions. After reverse transcription, RNAse H Minus (Promega France) was added.
cDNA amplification was carried out by PCR using Taq DNA polymerase (Sigma France) and the following specific oligodeoxynucleotide probes: AGAAGTGATATCAATGA-TACAGGGTTC and GTTGCCATTGACTGAAAGAACA for MDR1; TTTGATGTCACAGGGCAAGTT and GTCCA-CCAAATCCAGAACCTC for MVP; GAGGGTAACCAG-GAAGTTCCG and ATCGTTCAGTGTGAAGCCCTTG for LRP130; GACTGGCAGGGCTACTTCTACA and GTCT-TGGTCTTCATCGCCAT for MRP1; TCCTATGTGGGC-GACGAG and GATGGGCACAGTGTGGGT for b-actin; CCAAAGTTGTCATGGATGACC and GTGGATATTGTT-GCCATCAATG for GAPDH. PCR consisted of an initial denaturation step at 94 C for 4 min, followed by 30 cycles at 94 C for 1 min, annealing at 60 C for 45 s for all probes, and extension at 72 C for 1 min in each cycle. The resulting PCR products were 314, 429, 309, 429, 342 and 425 bp long for MDR1, MVP, LRP130, MRP1, b-actin and GAPDH, respectively.
Preparation of nuclear proteins
We used the method described by Jackson (29) with the following modifications: 10 9 cells were centrifuged at 980 g for 5 min at 4 C and washed twice in PBS. All the following steps were performed at 4 C and all subsequent buffers contained a protease inhibitor cocktail composed of 1 mM phenylmethanesulfonyl fluoride, 1 mM sodium metabisulfite and 1 mM dithiothreitol. The pellet was suspended twice in 80 ml PBSM buffer (137 mM NaCl, 2.7 mM KCl, 6.5 mM anhydrous Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 4.9 mM MgCl 2 , pH 6.6) and centrifuged at 4600 g for 15 min. The pellet was suspended in five estimated packed-cell volumes of buffer A (10 mM HEPES-KOH, pH 7.6, 1.5 mM MgCl 2 , 10 mM KCl) and incubated for 20 min at 4 C. After centrifugation at 2800 g for 10 min, the pellet was suspended in two estimated packedcell volumes of buffer A and homogenized in a PotterElvehjem with 15 up-and-down strokes. The mixture was centrifuged at 2800 g for 10 min, and the pellet containing the nuclei was gently resuspended in 80 ml of buffer B (20 mM HEPES-KOH, pH 7.6, 25% glycerol, 420 mM NaCl, 0.2 mM EDTA, 5 mM MgCl 2 ) on a slow-motion rocking platform for 30 min. After centrifugation at 21 000 g for 30 min, the volume of the supernatant was measured. While the supernatant was being agitated, 0.33 g/ml ammonium sulfate powder was slowly added over 10 min, followed by the addition, over 10 min, of 4 ml of 10 M KOH for every gram of ammonium sulfate added. The mixture was agitated for 45 min, and the precipitated nuclear proteins were collected by centrifugation at 21 000 g for 15 min. The pellet was suspended in 600 ml buffer C (20 mM HEPES-KOH, pH 7.6, 20% glycerol, 50 mM KCl, 0.2 mM EDTA, 5 mM MgCl 2 ). This mixture was dialyzed three times against 500 ml buffer C. Insoluble fragments were removed by centrifugation at 10 000 g for 10 min. Proteins were stored at À80 C.
Separation of nuclear proteins
Heparin-sepharose affinity chromatography. Nuclear proteins were separated by heparin-sepharose affinity chromatography using a HiTrap Heparin HP column (Amersham Pharmacia) mounted in a Biorad Biologic LP chromatography system at a flow rate of 0.25 ml/min. Total nuclear proteins (2 mg) were loaded on to the column in the following low-salt buffer: 20 mM HEPES-KOH pH 7.6, 20% glycerol, 50 mM KCl, 0.2 mM EDTA, 5 mM MgCl 2 . Bound proteins were eluted by stepwise increases in KCl concentration from 0.1 to 1 M, monitoring UV absorbance at 280 nm. Eluted proteins were dialyzed using 3500 MWCO Slide-A-Lyzer cassettes (Pierce), against the low salt buffer.
DNA-affinity chromatography. We used the mMACS Streptavidin Kit (Miltenyi Biotec). Briefly, 5 0 biotin-labeled [GGGAGC] 8 ODNs were incubated with nuclear proteins as described in the Nuclear protein analysis section. The mixture was then incubated with magnetic streptavidin microbeads. Protein separation was done in a microcolumn placed in a magnetic field. Washing steps were applied with the same binding buffer as that for the protein-ODN interaction. Specifically interacting molecules were eluted with the binding buffer containing increasing concentrations of KCl (0.5 to 2 M). Verification of total protein elution was checked by removing the column from the magnetic field before applying the first elution buffer.
Protein assay
Protein concentrations were measured by the Bradford method (30) using the BCA protein assay reagent kit (Pierce) according to the manufacturer's instructions.
Nuclear protein analysis
Nuclear protein-ODN interaction. Nuclear proteins (5-15 mg) were incubated with 1 mmol cyanine-5-labeled ODN in a total volume of 30 ml in the presence of 5 mg acetylated bovine serum albumin (Promega) and 0.5 mg of poly(dI-dC) in the binding buffer (25 mM Tris-HCl, pH 7.5, 50 mM KCl, 1 mM DTT, 5% glycerol) for 25 min at 30 C in the dark.
UV cross-linking. The nuclear protein-ODN complex was cross-linked by exposure to UV radiation at 250 nm for 30-60 min in the dark.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Protein samples were analyzed by SDS-PAGE in 6 to 10% polyacrylamide gels using the following loading buffer: 100 mM Tris-HCl, pH 6.8, 200 mM dithiotreitol, 0.2% bromophenol blue, 4% SDS and 20% glycerol, as described by Laemmli (31) and detailed previously (32) . Gels were stained either with Coomassie Brillant Blue G-250 or with silver using the SilverQuest silver staining kit (Invitrogen), and cyanine-5 fluorescence was detected using a STORM 860 densitometer (Molecular Dynamics, Amersham-PharmaciaBiotech, Orsay, France).
Electromobility shift assay. Gel retardation experiments were carried out on 9% acrylamide/bis-acrylamide (19:1), 2.5% glycerol gels (Sigma France) in running buffer (25 mM Tris-base, 192 mM glycine, 2 mM EDTA, pH 8.3), at 150 V for 4 h in a refrigerated chamber at 4 C in the dark. The gels were scanned for cyanine-5 fluorescence as described above.
Mass spectrometry. Coomassie blue-or cyanine-5-stained bands were subjected to in-gel tryptic digestion using modified porcine trypsin (Promega, Madison, WI). Tryptic digests were analyzed by online capillary high-performance liquid chromotography (HPLC) (LC Packings, Dionex, Amsterdam, The Netherlands) coupled to a nanospray LCQ Deca ion trap mass spectrometer (ThermoFinnigan, San Jose, CA, USA). Peptides were separated on a 75 mm ID · 15 cm PepMap C18 column (LC Packings) after loading onto a 300 mm ID · 5 mm PepMap C18 precolumn. The flow rate was 150 nl/min. Peptides were eluted using a 0-40% linear gradient of solvent B in 40 min (solvent A was 0.1% formic acid in 5% acetonitrile, and solvent B was 0.1% formic acid in 90% acetonitrile). The mass spectrometer was operated in positive ion mode at a 1.9 kV needle voltage and a 30 V capillary voltage. Data acquisition was carried out in a data-dependent mode consisting of, alternatively in a single run, a full scan MS over the range m/z 370-2000, and a full scan MS/MS in an exclusion dynamic mode. MS/MS data were collected using a three m/z unit isolation window and a relative collision energy of 35%. The SEQUEST Browser software was used for protein identification from SwissProt and NCBInr databases using the MS/MS spectra.
RESULTS
Characterization of the precise nuclear factor-binding site in the À108/À97 region of the MDR1 gene promoter
We have previously shown that the À108/À97 promoter region of the human MDR1 gene was able to bind a nuclear protein, the precise boundaries and the nature of which were not defined (25, 26) .
In order to characterize precisely the boundaries of the nuclear factor-binding site in the À108/À97 DNA region of the MDR1 gene sequence, we carried out EMSA experiments using nuclear extracts from human leukemia CEM cells and labeled oligodeoxynucleotides of various lengths as probes. The retarded band that we previously detected with the 12 bp ODN still occurred with a 6 bp ODN centered on the À108/ À97 promoter region (ODN6), but was lost when 5 bp ODNs (ODN5A and ODN5B) were used ( Figure 1A ). When 6 bp ODNs spanning a 10 bp window centered on the À108/À97 region were used, we showed that the only ODN that was involved in nuclear factor binding was ODN6 (Figure 1B) , the mutation of which completely abrogated the binding ( Figure 1C) . The multiple bands seen in Figure 1B corresponded to non-specific binding or were specific to other factors whose binding elements could overlap invMED1; but they disappeared to the benefit of the invMED1/LRP130 couple interaction when the reaction was carried out in the presence of ODN12 ( Figure 1A) .
In order to determine whether the invMED1 flanking bases modified the binding of the nuclear factor, 6 bp ODNs were substituted at their first, last or both bases (ODN6L, ODN6R, ODN6LR, Figure 1D ). In all cases, no retarded band could be detected. In addition, use of 8 or 10 bp ODNs (ODN8 and ODN10) did not significantly change the binding pattern when compared with that of ODN6. Moreover, when one or two extreme bases of these ODNs were substituted (ODN8LR and ODN10LR), no significant change was seen in the retardation pattern. These results suggest that the binding site for a nuclear factor on the À108/À97 region of the human MDR1 gene promoter is the actual invMED1 GGGAGC sequence, at position À105/À100.
It is interesting to note that we have found the same retarded band with the same characteristic retardation pattern in several other cell lines such as primary cultures of NHF skin fibroblasts, HepG2 hepatocarcinoma, HT-1080 skin fibrosarcoma, HeLa cervix carcinoma cell line, MCF7 breast adenocarcinoma, A549 lung carcinoma and IPC227 uveal (ciliary body) melanoma and others shown in Figure 2 , while we did not find it in other uveal melanomas such as the human MU2 choroidal melanoma.
Presence of the invMED1 DNA sequence in promoter regions of MDR-and non-MDR-related genes
The characterization of the precise sequence of the invMED1 element allowed us to search for its presence in other MDRrelated gene promoters. Table 1 shows that the invMED1 sequence is present in 7 out of 16 human and rodent MDRrelated gene promoters cloned to date. Interestingly, positions of these sequences in promoters are closely located in the À160/À100 region of these genes.
To calculate the occurrence of the invMED1 element, we analyzed the 1869 non-MDR-related human promoters that are deposited in the Eukaryotic Promoter Database (http:// www.epd.isb-sib.ch/). Among these, 609 (32.5%) contained at least one invMED1 occurrence (most of the occurrences being partitioned between 1 in 449 promoters, 2 in 160 promoters and 3 in 24 promoters), for a total number of 900 occurrences in their À499/+100 bp window relative to the +1 transcription start site.
The distribution of the A, C, G and T nucleotides out of the 600 bp for each promoter does not follow a random probability of 0.25 per nucleotide. Indeed, as shown in Figure 3A , the [C,G] percentage increases regularly from À499 to +100 to reach 33% for G and 31% for C.
The theoretical probability of having one invMED1 occurrence would be 0.25 6 . Knowing that the invMED1 sequence is rich in GC (GGGAGC), and taking into account the nucleotide distribution between À499 and +100, the probability of having an occurrence regularly increases from 0.00029 to 0.00067 and reaches a maximum of 0.00065 between the +1 and +100 region ( Figure 3B ). One should thus expect to find a higher frequency of occurrences at position À99/+100 than elsewhere. However, the observed/theoretical ratio for the invMED1 occurrence shows that the latter is more frequent in the À299/À100 window relative to the +1 start point. This result is consistent with our finding of invMED1 sequence in both MDR1 and MVP genes at positions À105/À100 and À148/À143, respectively. The same observation could be made with non-MDR-related rodent genes: 28% and 24.4% of the deposited 196 mouse and 119 rat promoters, respectively, contained at least one GGGAGC occurrence in the À499/+100 region. Taking into account the nucleotide distribution, the observed/theoretical frequency was 1.9 in the À199/À100 region of mouse promoters, and 1.8 and 2.1 in the À299/À200 and À199/À100 regions of rat promoters, respectively.
Interaction of the nuclear factor with the invMED1 DNA sequence as a function of the chemoresistance level of CEM cells Using the chemosensitive CEM parental cell line and its CEM/ VLB0.45, CEM/VLB5 and CEM/VLB10 chemoresistant derivatives, we investigated the nuclear factor-binding capacity to invMED1 as a function of the chemoresistance level. In these cell lines, overexpression of the MDR1 gene was the sole mechanism of MDR that we were able to determine (28) . We observed a correlation between the increasing level of expression of the MDR phenotype, the increasing MDR1 mRNA levels ( Figure 4A ), and the invMED1 binding intensity ( Figure  4B and C). This result suggests that the invMED1 binding capacity of the specific nuclear factor depends on the cellular level of the MDR phenotype. Interestingly, the LRP130 production levels in chemoresistant CEM cells did not significantly vary relative to the parental sensitive cells, as shown in Figure 4D .
Characterization of the invMED1 binding factor
In order to characterize the nuclear protein(s) that binds to the invMED1 sequence, total nuclear proteins were fractionated by heparin-sepharose chromatography with increasing KCl concentrations. Figure 5A shows that the retarded band of interest could be detected in the second peak of the 0.41 M KCl-eluted fraction, suggesting that this fraction contained the invMED1 binding protein(s).
SDS-PAGE was then carried out after UV cross-linking of nuclear proteins from the 0.41 M KCl fraction and invMED1 ODN ( Figure 5B) . The data showed a single labeled band with an apparent molecular weight of $150 kDa. To further characterize the protein content of the labeled band, the latter was analyzed by nano-liquid-chromatography coupled with MS-MS spectrometry, because of the very small amount of protein available. Twelve peptides were retrieved (Table 2) , the sequences of which belong to a 130 kDa, leucine-rich protein named LRP130 (also named LRPPRC, Swissprot accession Table 1 . Presence and position of the invMED1 sequence in cloned promoters of MDR-related genes in human, mouse and rat
Species
Gene name Position of the invMED1 sequence
The position of the sequences is given relative to the +1 transcription start site.
Nucleic Acids Research, 2004, Vol. 32, No. 13 3869 no. P42704) (33) . The fragments analyzed covered 14.1% of the 1273 residues spanning the entire LRP130 sequence. To verify that the invMED1 binding factor actually contained LRP130, an EMSA experiment was carried out with the aF-N anti-LRP130 monoclonal antibody. The supershift obtained suggests that LRP130 was directly involved in the binding to invMED1 in vitro ( Figure 6A ). Moreover, LRP130 was effectively eluted from DNA-affinity chromatography experiments with DNA reproducing repeats of the invMED1 sequence. This result was demonstrated by mass spectrometry analysis of the major protein band revealed by silver staining of an SDS-PAGE experiment performed with the eluted fractions ( Figure 6B) .
Role of the invMED1 DNA sequence in the transcriptional activity of the MDR1 and MVP gene promoters
To test the role of the invMED1 sequence in the MDR1 gene promoter, transient transfections of CEM cells with reporter plasmid constructs were carried out. The constructs tested contained either a full-length MDR1 promoter or a promoter in which the invMED1 sequence was deleted. As shown in Figure 7A , deletion of the invMED1 sequence reduced the relative transcriptional activity by $60%. Therefore, the invMED1 sequence appears to be a positive regulatory element of the MDR1 gene promoter.
To support this result we extended this approach to the endogenous MDR1 gene in resistant CEM/VLB5 cells that had been transfected with a phosphorothioate-modified ODN6 decoy reproducing the invMED1 element. Transcriptional decoys are short, double-stranded ODNs reproducing a transcriptional element. When they are introduced in high quantities in the cell, such ODNs are thought to lure the specific nuclear factor (or members of the factor family) that naturally binds their sequence (34, 35) .
Modulation of the presence of MDR1 mRNA induced by the transcriptional decoy was recorded to test the functional effect of the invMED1 element on expression of the endogenous MDR1 gene. Figure 7B shows a significant decrease in the expression of MDR1 gene transcripts 3 days after transfer of the specific decoy. These results strongly suggest an activating role of invMED1 on the endogenous MDR1 gene. In addition, they confirm our previous finding that the 12mer ODN (ODN12) used as a transcriptional decoy for the human MDR1 gene promoter decreased the viability of resistant CEM/VLB0.45 cells in the presence of vinblastine (25) .
In order to evaluate the impact of the invMED1 DNA sequence on the transcriptional activity of endogenous MDR1 and MVP genes-expressing cells, we used the transcriptional decoy strategy in the human IPC227 ciliary body melanoma cell line, which co-expresses both MDR-related genes. We transfected phosphorothioate-modified, double-stranded ODN6 reproducing the invMED1 element sequence in the IPC227 cell line. Three days after transfection, cells were analyzed for their relative MDR1 and MVP transcript contents. After RT-PCR, quantification of specific PCR products was done by laser scan densitometry. Figure 7C shows that an invMED1 decoy (ODN6) induced a marked decrease of the expression of MDR1 and MVP transcripts whereas the use of a decoy bearing a G/A substitution at position 3 (ODN6M) did not produce any significant effect on the level of both transcripts. These results demonstrate that the invMED1 element affects the activation of the endogenous MDR1 and MVP genes.
Role of LRP130 in the transcriptional activity of the human MDR1 and MVP gene promoters
To examine the role of LRP130 in the MDR1 gene expression we used a specific siRNA directed against LRP130, which induced a 60% inhibition of the transcriptional activity of the full-length MDR1 gene promoter (Figure 8) . From a functional point of view, this result indicates that LRP130 exerts a positive transcriptional control on the MDR1 gene. On the other hand, the same siRNA did not exert any significant transcriptional control over the invMED1-deleted construct Figure 3 . Distribution of A, C, G and T nucleotides in the promoter region of 609 human genes between À499 and +100 bp (A), and frequency of the invMED1 hexanucleotide (B). The distribution of the 4 nt is expressed as a percentage in each promoter window of 100 nt (A). Both theoretical and observed frequencies of the invMED1 hexanucleotide (white and gray bars, respectively) are reported for each window of 100 nt (B). The right-hand scale of (B) represents the observed/theoretical frequency ratio of the invMED1 occurrence for the same 100 bp windows. Observed invMED1 DNA occurrences concern the 805 GGGAGC hexanucleotides contained in the À499/+100 region of the 609 human gene promoters scanned from the Eukaryotic Promoter Databank, as explained in the text. (Figure 8 ), indicating that the transcriptional control played by LRP130 on the MDR1 gene promoter depends on the invMED1 element.
To examine the role of LRP130 in the MVP gene expression, we constructed a reporter plasmid containing the MVP promoter region. The plasmid was then transiently transfected with or without an siRNA directed against LRP130 into CEM cells, and reporter gene expression levels were measured. As shown in Figure 9 , inhibition of LRP130 by an siRNA resulted in an important reduction (>60%) of the reporter gene expression. This suggests that LRP130 exerts a positive effect on the MVP gene promoter activity.
To attribute a role to LRP130 in endogenous MDR1 and MVP genes expression, transient transfections of the human fibrosarcoma HT1080 cell line were performed, using siRNAproducing constructs directed against LRP130 (Figure 10 ). Three days after transfection, the level of LRP130 transcripts was significantly reduced. In addition, the MDR1 gene was almost totally knocked down, the MVP mRNA levels were highly lowered, while the expression of MRP1, which does not contain an invMED1 sequence, did not change. This result suggests that LRP130 could up-regulate the transcription of MDR1 and MVP genes, although we cannot exclude possible post-transcriptional effects on their mRNAs. showed the presence of a cis-element in the À108/À97 region (25, 26) . In this study, screening of pre-selected sequences by gel mobility shift assays allowed us to determine the precise boundaries of the nuclear factor-binding site at position À105 to À100, which we called invMED1 ( Figure 1 ). Sixteen human, mouse and rat MDR-related gene promoters have been cloned to date. We showed that seven of them possess an invMED1 sequence ( Table 1 ). The position similarities of the invMED1 elements found, particularly in the À160/À100 region (and more precisely À105/À100 and À148/À143 regions for MDR1 and MVP, respectively), suggested a possible functional role. Directed deletion experiments and cell transfection with transcriptional decoys demonstrated that this sequence is required for the MDR1 ( Figure 7A ) and MVP promoters' activity ( Figure 9 ). Besides the MDR-related genes, the analysis of 1869 human promoters deposited in the Eukaryotic Promoter Databank shows that only 32.5% have at least one occurrence of the GGGAGC hexanucleotide. Although the frequency of the latter increases with the increased G and C nucleotides between À499 and +100 bp, our analysis showed that the observed frequency exceeded 1.8 times the theoretical frequency in the À299/ À100 bp segment. The significant presence of the hexanucleotide in this area suggests its biological utility and is in all the cases consistent with the position of the functional invMED1 element in the MDR-related genes that we studied. The extended analysis to the rodent gene promoters of the Eukaryotic Promoter Database confirmed that the À299/À100 region displayed a frequency for the observed GGGAGC occurrence that was significantly higher than the theoretical one, suggesting its possible involvement in yet unknown gene regulatory processes.
A search for potential invMED1 binding protein candidates was carried out using promoter databases such as TRANS-FAC 1 professional. No known or described nuclear factor was retrieved. We therefore performed a series of experiments to further identify potential candidates. Our results revealed the presence of LRP130 in the invMED1 binding nuclear complex (Table 2 ). We performed in vitro and in cellulo experiments to confirm the involvement of the LRP130 protein in the invMED1 transcriptional activity of the MDR1 gene (Figures 6 and 8) . The LRP130 protein, also called LRPPRC, is a leucine-rich protein of $130 kDa (37), the function of which is still under investigation. This protein has been reported to bind to nuclear (38) and mitochondrial (39) polyadenylated RNAs, possibly being involved in their transport. Mutations in its gene sequence have also been involved in the natural history of the Leigh syndrome, French-Canadian type, a human cytochrome c oxidase deficiency (40) . LRP130 seems to play several other intracellular roles, which are currently under investigation, like cytoskeletal organization, vesicular trafficking and chromosome activity (41, 42) . Here we bring the proof of a new functionality that this protein exerts in the transcriptional regulation of two MDR-related genes, MDR1 and MVP. Interestingly, our data are supported by two-hybrid experiments, which suggest a possible link between LRP130 and some factors involved in the transcriptional machinery (41) .
The presence of an invMED1 sequence in multiple mammalian MDR-related genes suggests its possible link to the MDR phenotype. We investigated the invMED1-binding capacity of the LRP130 factor as a function of the chemoresistance level of CEM cell lines. The correlation observed between the level of expression of the MDR phenotype, the . Role of LRP130 in the transcriptional activity of the MVP gene promoter. CEM cells were transiently transfected with a full-length human MVP promoter (pGL2-MVP1.9) and co-transfected or not with either a control construct (siRNAc) or a construct expressing an siRNA directed against LRP130 (siRNA LRP130). Enzymatic activity provided by the pGL2-MVP1.9 construct alone was arbitrarily set to 100%. The data are the means of triplicate experiments -SD. Figure 8 . Effect of the reduced LRP130 gene expression on the transcriptional activity of the invMED1 element in the MDR1 promoter. CEM/VLB5 cells were transiently transfected with either the full-length MDR1 promoter or the promoter in which invMED1 had been deleted, as described in the legend to Figure 3A . The resulting vectors were co-transfected with either a control construct (siRNAc) or a construct expressing an siRNA directed against LRP130 (siRNA LRP130), or not co-transfected (vector alone). The data are the means of triplicate experiments -SD.
MDR1 mRNA level and the invMED1-binding intensity (Figure 4) , suggests that the transcriptional effect of the invMED1/LRP130 couple depends on the cellular level of the MDR phenotype. Even though the invMED1/LRP130 complex formation increased with the chemoresistance level, the total amount of LRP130 available in both sensitive and resistant cells remained almost identical in all the cell lines. This is probably due to the fact that the total amount of LRP130 in both sensitive and resistant cells is always largely above the very small quantity that is needed to form the invMED1/LRP130 complex.
Because of its involvement in the co-regulation of MDR1 and MVP genes, as we have shown in two different human cancer cell lines ( Figure 7C and 10) , and possibly of other MDR-related genes, the invMED1/LRP130 complex may be regarded as a central element in the hypothesis of a functional multidrug resistance mechanism in which drugs could effectively be conveyed inside the cytoplasm by vaults and be expelled out of the cell by membrane pumps (14) . The involvement of LRP130 in several cellular mechanisms as well as the very weak fraction implicated in the activator complex allow the prediction that its knocking down may be harmful for cellular survival. Therefore, to be effective and not to affect the other cellular functions of LRP130, chemosensitization of MDR cells should consequently pass by the specific invalidation of the invMED1/LRP130 complex formation.
